Introduction
The meridional overturning circulation of the Indian Ocean has been the subject of a nurnber of recent pa.-pers [F' II., 1986; Taale and Wa.r 'T'en , 1993; Rabbins and Toole, 1997; Macdonald, 1998; Lee and Mam!; zke, 1997 , 1998 ZhanrJ and MO,'I'O!; z!; ; e, 1999) . Although t.he meridional overturning rate and st.ructure aTe a basic descript.ive feature of t.he general circulation as well as a det.erminant. of t.he lleat and other propert.y fluxes, t.here remains significant clis agreement about. both its qualitative a.nd quantita.tive features in the India.n Ocean.
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Paper number 2000JC900122. 0148-0227/00/2000JC900122:Ii09.00 (Bere the expression "mericlional overturning circulation" is usecl to denote the net zonally illtegrated stream funct.ion of the depthjmericlional plane. There is no implication that it. is restricted to a single top-to-bottom cel!; the vertical struct.ure is to be cletennined. Hs 8trellgth will, however, sometimes be measured by the net inflow of deep waters.)
Berl) "ve wish to cliscuss the extent to which this elémIent of the circulation is in fact determinable with existing data, and to place some bounds on the Inclian Ocean heat and freshwater flux divergences. The context of the discussion is t.he estimated global circulation from a recent inversion by Go.rw.clw,'u.d [1999) ; Ga '/l.([.cha'/l.d and W'U.nsch[2000) . This WOl'k follow8 the earlier global calc:ulations of MacdO '/I,ald and Ti!'/I.nsch [1996) and Macdonald [1998] , but with t.he dat.a almost entirely replacecl by the recent hydrographie sections from the \VOl'lcl Ocean Circulation Expel'iment (WOCE); see inset. of Figure 1 .
From a hydrographic section at 18°S, VV (I,7'7'(m, [1981] bounclary cu1'1'ents. FlI, [1986J, using the same section, but combining it with four other sections in the Indian Ocean and doing a formaI inverse calc.ulation, fOllllcl a weak cleep water inflow of 3.6 Sv, with the bulk of the northwarcl flow occurring at intermediate levels (1000-2000 clbar) . In contrast, M acda77.a.ld [1998] , again with the same 18°S section but combinecl with a global data set containing more recent sections than were available to Fu (notably at 32°S), obtained 10Sv of deep water northward flow with a 5 Sv southward flow at intennediate levels.
Using the pre-"\VOCE 1987 section at 32°S and tracer properties to suggest a zero-velo city surface, Toole and FVo,TT'en [1993J estimated the surprisingly large bottom water flux below 2000 dbar of 27±10 Sv geostrophically. Robb'ins and Toole [1997J recognized that this large flux would cause problems with the silica budget, and added silica conservation as a, constraint. They obtained, through an inverse calc.ulation, a weaker deep influx of 12±3 Sv. At the two standard deviation level, this value is inconsistent with the non-silica-conserving WaTTen [1993J type circulation, 29±5 Sv, accorcling to the Robbins (l'ful Toole [1997J e1 '1'or analysis, Assmning the error estimates are appropriately COl11-puted, the incollsistency implies systematic (non random) errors present in the models. In both circulations the intennediate 'waters (1000-2000 dbar) moved southward. H. Bryden and L. BeaI (Role of the Agulhas Current in Indian Ocean circulation and associated heat and freshwater fluxes, submitted to Deep-Sea Resem'ClI" 2000; hereafter Brydell and BeaI, submitted manuscl'Îpt, 2000) showecl that the inferred overturning ane! heat budget were both sensitive to the assumecl strength of the Agulhas Cu1'1'ent, ane! notably to the presence of a. northwarcl f10wing unclercu1'1'ent as cletected by acoustic Doppler CUITent profiler (AD CP) measurements . Lee 0,'(u1 Mo,'ml; zke [1997 , 1998 ], using a. general circulation model (GCIvI), c:limatological hydrography, and surface fluxes, inferred Et mean northwarcl overturning How of 14 Sv in the upper 1000 ll1 with a weak south-t;onorth cleep water flow. Theil' solution is consistent with several other GGM calculations that exhibit weak cleep inflow, but a vigorous shallow overturning (see Zho.ng and Ma7'Otzke [1999] , for CL review). Such a shallow overturning conflicts \Vith the direction of the f10w as '\voulcl be suggested by a c:lassical water mass analysis [e. g., Toole and W(!7"l'cn, 1993J. Here, we seek to address the question of whether a consistent zonally integratecl circulation can be foune! ill 1,\1(' raC(' or the i\ppi\t'{~llt c:oltl,radicLi~)ll~ ill tllC' variOl:s cxisl.illg cstilllal.es. \Ve aLL<'lllpl. tu dlStlllglllsh c.lllalltJLaLivcly bctwccll properLics of Lltc circllln.tioll wlllch arc tlte dirccl. COllSCqlWllc(~ ort.he hyclro~ra]lltic [idd or oLlwr dirccL IlWilSlllUlll'llLs, alld thosc' WlllCh havc' c~lllcrgc~d ilS "kllOWIl" tl1rollgl! the proc:e,~s of assUlllptioll alld tracli- (.iOIl. 
Methocl
The basic proC(~durc is that of the steady geostropltic box illVCrsic)]\s clescrilwd hy W'I/. '/I.sch [199G] , aml as CllIploycd pr()ViOllsly ill this oc:can hy l~n [1? 8GJ, J\i{nr:dono.ld [19D8] , Mnc!lo '/l.o.ld Il:I/.d W'I/:1/.8ch l19~6] , etc., \\?I,h il:
JlllIllbcr of signiHcallt improvelllents. A full (l!SC:W';SlOll of the c:llallges \Vas preselltecl by GII:I /.nc!w:nd [19D9] (llPreaftul' (99), huI. the major llloclificatiolls frolll previonsly jlllhlislwd illversious i!lC:lnclu the followillg:
1. Neutra.! s1ll'faces [McDrJ'll.gnll, 1987; Jnc/,; ei; /, o.nd McDo'll,gall, ID97] are used illstead of isopycnals, with calc:ulation, as part of the inversion, of the clialleutral trausfers, dianeutral mixing of tracers, and 1'resh\Vatel' fluxes, alcmg \Vith the reference velocitips a.nd ageostrophic transport acljustment in the uppennost layer (ascribed to the Ekman transport uucertainty).
2. \~ïe use a more quantitative constraint mTor budget clerivecl from a study of the 1/4 0 nOlninallateral resolubon GCNI nUl at the U.S. Naval Post Gracluate School [sec Sem,hl.c7· and ChC'I"UÙ7" 1992; Sto:rn'm.c'I' et 11.1., 199G; G99] . In this stucly the variability of fluxes computed from near-synoptic sections could be compared to that of the truc mean. This variability dominates the error budget of invcrsions done using the section data. An important example is the very large estimated potential devia.tion of silica flux from its long-tenn average value whe11 c:omputed from any particular section.
3. 'IVc use conservation equations in terms of property anomalies [e.g., McDo'/l.gall, 1991; McIntosh a.nd R'intO'l/.l, 1997] rather than full property values themselves (sec section A.3 in Appendix A), but based upon making explicit the necessary assumptions concerning the error covariance between mass constraints and property constraints [W'l/.nsch, 199G, p.273 ; G99]. 4 . Nlean wind fields clerived from the N a.tional Center for Enviromnental Prediction (NCEP) reanaJysis [ Kalno.y ef; ni., 199G] a.re used.
5. The l1utriellt and oxygell divergences are clet ermined (A. Ganachaud and C. 'l'\lunsch, Ocea.nic llutrieut and oxygen fluxes during \'\lOCE and boundaries on export production, submitted to Global B 'iogeochem, 'ical Cycles, 20(0) .
'vVe start the discussion with a list of the c\ifIiculties and unknowns of the circulation in the lndian Ocean (sec:tion3). The model setup (sectio1l4) and resulting circulation a.re then described (section 5) \vith sensitivity experiments (section G). The heat and freshwater budgets are cliscussecl in section 7, followecl by conclusions.
lndian Ocean Problems
The Indian Ocean is complex, and a full discussion of the deta.ils of the circulation as previously describecl woule! hl! very 1(~ngthy.Hen~ wc will oilly Sllll\lllarizc SOlll(' or the' l\la.Îm \lllc '.cr!.ailltics '-l'cnt tra1lsport al. 10 0 N, whiel! lllay be cine to illterna.! wavc 1loise (G99)). TlIen~ is also the weight of ltistory: Ali previous nOll-G CM discussions have assumecl that tl'cat,ing the oecan as tllongh apPl'Oximatdy steacly is sensible, but Olj(~ lYlnst lw wary of this assl1Inpticlll in reacling tJw literaturc. In the present allalysis, varia.bility is ,;ccounted for in the llncert;;:\Înties, basecl on tlw S;~'/ II.t; , /I, (; 'I' and ChC'/'v'in [lD92] model output (Appcndix A and G99].
The lllOSt spectacnlar time-clepelldent feature is the establislunent and slmtclown of the Somali Current, whose net transport al, the equator l'anges from 0 to 21 Sv (including unclercurrents) [Schotf; el; al., 19DO] . Howcver, the GGM of Lee and Mamf; z/; ; e [1998] suggestccl that the upper oceall variability decreases 1.0-ward the south (away from the lVlozambique Channel). They estilllatecl a lllonsoonal variability in the depth-latit.ude stmalll func:tion of ±20 Sv with associatucl cha.uges in the mericlional heat flux of ±1.8 P'IV. But, most of the stream function variations were explailled by a harotropic: response 1.0 Ekman transport variations, with a relativdy slllall contribution l'rom the vertical shear (±2 Sv or less away from their southern sponge la.yer). (The Somali Current region was excep-. hona.!; there the vertical shear contribution was large, of orcler 10 Sv.) Barotropic fluctuations are not aliasecl in the hyclrography so that Cl mode! using the mean Ekman flnx can be combined consistently with sections taloen at difFerellt seasons. The va.riability in the baroclinic field is acc:ountecl for as part of the noise.
Nonlinear interactionR of the time-clepenclent, clepthinclcpendellt transports coulcl c:onceivahly generate significélnt rec:tified lllean flows. Lee and Mamizkc [1998] coulcl, however, Hnd no such dfect in the heat flux.
Agulhas Current and Mozarnbique Channel
The gyral subtropical circulation is closecl by the Agulhas Current, bu\ieved to transport between GG and 70 Sv [Beai a:neZ Brydcn, ID97] . St'm:rn:rna a:net ùu.léie-ha:nns [1997] suggestecl that most of the Agulh.as ,'.'aters are fed hy the subtropical gyre (e.g., thelr FIgure 7), but with a fraction (20-25 Sv) from either the Nlozambique Channel or the East Madagasca.r Current. Of these, S/; mTn:llw, and Luljelw,T"ms [1997] and Soe/;'f'e and do. Silva [1984] suggested the latter was the more importa.nt, while Lllljelwnns [197G] concluc\ecl that the lVlozambique Current is the major source of Agulhas Wél- CANACHAUD ET AL.: lNDIAN OCEAN j'vOERIDIONAL OVEHTUHNINC ters. Soeln: and da Sûv(/, [1984J founclllo continuous upper (/,m:m(/, (!'ful Ln~jcha'l"lns [1997] . (The vertical structure of the clerivecl fIow north ancl south of the Channel impliecl large imbalances in inclivicluallayers, possibly clue to the seasonal variability.) The global inversion of Macdonald [1998] clicl not proe!uce any significant fiux there.
The fIow through the Mozambique Channel appears to be highly variable on seasonal timescales. lVleasurec ments from tide gauges combinee! with hydrography [Dongny and P'; ,ton, 1991] show an annual cycle with ± 10 Sv amplitude in the channel. Altimetric data (not shO"wn) examined by us show fluctuations of ±25 cm in the sea surface height difference between south iVIaelagascar and Africa (25°S). Assuming a linear decrease of the velocity down to 1000 dbar, the impliecl variations in the Ilet geostrophic transport are ±20 Sv. (This calc:ulation gives only an order of magnitude estimate, but the 1000 elbar vertical scale and the linear decrease are consistent with the solution clescribed below. Baroclinic Kelvin waves may account for these rapid fluctuations. Seasonal variability is probably also present in the density field, as observeel in the GCIvI of Lee and Ma'f'Otzke [1998J in the Somali region.) 
Illdollesiall Throughfiow (ITF)
The Pacific-to-Indian Ocean property flux (Indonesian Throughf1ow, hereafter ITF) is highly variable and poorly sampled. If its average l1lass transport were 10 Sv at 20°C and assuming that il, ultimately leaves the Indian Ocean at 10°C, it woulel pro duce a convergence of OA PW in the Indian Ocean heat transport budget. This fiux convergence is of the same size as the total climatological heat input to the Indian Ocean by air-sea exchanges [ObeThn!JeT, 1988] .
The published estimates of the net ITF mass transport range fro111 18±7 Sv westward to 2.6 Sv eastward [Fie'u,x ct aL, 1996] , with a host of estimates between these two extremes, clepending upon the measurement time and methoel [God/T'ey, 1996J. Macdonald [1998J constrained her inverse model to a net ITF of 10±10 Sv and obtained, ailer inversion, a fiux of 9±7Sv. If not specifically constrained, her model produced a net ITF of 1l±14Sv. Hel' sensitivity experiments (ITF = 0 Sv; ITF = 20 Sv) also showed that large variations in the ITF strength hac! no effect on her est.imated Agulhas Current and Drake Passage fluxes. Nevertheless, such changes affect clramatically regional property budgets and the derived air-sea exchanges in the Indian and Pacific Oceans. Zhcmg and Ma:rof; zke [1999] estimatecl the ITF from climatological Indian Ocean hydrography and il, GCM, a.nel round tbat a sIllall mean inflow (2.7 Sv) was sufficienl, 1,0 close IJw Inclian Oceall hent and salt ba.!ancc.
The strength of the ITF is plausibly clepellclent upon tlw phase of El Niüo SoutJWl'll Oscillation (ENSO, c.g., Wa,.fsowù:z [HJ94, 1996] , who used a. numerical mode !; and (,'on/o'/l, cl. a/. [1999] , wllo used current llleter data). FrOllt expanclable batytIwnnograph (XBT) time series aile! historic:a.1 data., !I/[eye1 's el; ni. [1995] found a total meall transport in the upper '100 m of 5 Sv to the west with éI ±2.5 Sv varia,Lion in the annua.! cycle They estirnatecl a top-to-bot;t;0l11 lllean transport of 7 Sv. NIooriugs ill the rvIakassar Stra.it;, which is believed to be the rnain path of the thl'Oughflow, showed an annual average transport of 9 Sv in 1997 with variations t'rom 5 Sv during El Nino to 12 Sv during La Nina [Gonlon et ni., 1999] . For present purposes, we use é), throughflow of 7±7 Sv as the initial best estimate. (To account for variability and measurement noise, the actual constraint on the ITF between Inclonesia and Austra.lia is 7±15 Sv, as explninecl in section 4.2.) 4. The Model 4.1. Data and Treatment Figure 1 shows the India.n 0 cean sector of the moclél which is mae!e of the \VOCE sections 12 (December 1995 to January 1996 [e.g., Johnson et al., 1998 ]), 13 (April-June 1995), I i l (June 1995) and no (NovemberDecember 1995 [BT'ay et al.,1997 ), the pre-WOCE section 15 (November 1987 [Toole and WaTTen, 1993; Rob{r; ,ns and Toole, 1997]) , and the J a.va Australia Dynamic Experiment (JADE) section (August 1989 [Ficu .. 7: et al., 1994 Coatanoa:n., 1997] ). G99 discussed various problems with the data, particularly from noise in sections close to the equator and some sampling p1'oblems in the JADE data. (The 1989 JADE clata were used instead of the 1992 data because they incluclecl nu trient measurements. However, the 1989 data were combined ~with a station of the 1992 clata to complete the section, as suggestecl by the sensitivity experiments cliscussecl below (section 5.3.))
Layers and Constraints
Constrainecl boxes are clefined (Figure 1 ) for the Inclian Ocean as I;he "subtropical box" (15, 14, 13) , the "Mozambique Channel box" (14, 12\V) , the "tropica.l box" (13,12, nO) , ancl the "north Indian box" (I2\V, 12, no, .189). Note that the north Indian box inclucles the area between no and J89 because the no section could not be completecl up to the Indonesian coast. The layers, clefinecl by neutral surfaces (Table 1) , were chosen to facilitate the comparison with the existing literature, to ma.tcl! the Southern Ocean layers of the global moclel, ancl to have a relatively homogeneous thickness over the basin. Mass conservation was requircd consistent with the error budget of G99 (Table 2) . Those uncertainties taloe into account the error due to oceanic variability (through a GCM-basecl simulation) and internaI waves (from the GarTett and M'U:nk [1972] spectrum). The resulting a priori uncertainties that characterizc the net transports range 1'1'0111 ±7 Sv al, 32°S to ±15 Sv on the ," =28.07 9 ," =28.11 7" a4 = '15.89j () = 1. 28 Upper BottOlll \Vater ID ,'/1. =28 "This RT97 layer corresponds to two layers in this study.
JADE89 ITF section. The Ekman transports from the NCEP reanalysis [Kalnay et al., 1996] with their a priori uncertainties are listed in Table 3 . Because of the large baroc:linic variability in the East African Coastal Current (EACC) on section 12\',1, a large adjustment (±20 Sv) \Vas allo\Ved to the flow in the first layer.
A horizontal average representation of advedive (w*) and clifIusive (K,*) dianeutral transfers is allowed bet,veen the layers and for each property. The same w* and K,* is used for all properties, and no diffusion is allowed in the mass equations. The horizontal average property and property gradients on a neutral surface are calc:ulated l'rom the bounding sections.
Top-to-bottom silica is conserved as suggested by previous authors [e.g., Robbins and Toole, 1997 (hereafter RT97)] (see G99 for a quantitative justification). The permitted error for the basin silica balance is about ±700 kmol s-1, which is 7 times Im'ger than that used by RT97, but according to G99, is a more accurate representation of the ac:tual variability in the aclvective silica flux (Appendix A.2). This estimated variability was calculated by defining a pseudosilica field in the GGtvI from known covariances of silica with temperature and salinity (G99 and Appelldix A). For the standard exp eriment presented below, salt is conserved top-to-bottom and within individual layers. Heat and the tracer com- a.l., 1963; Anrie'rson and Sa.rm:ien,t; o, 1994] , are conserved only in layers below the surface. (The surface layer is nonconservative because of heat and oxygen exchanges with the atmosphere.) The value 170 for the PO Redfield ratio is controversial [e. g., BTOecker et aL, 1985; Minste1' and Bov.lahdid, 1987] . However, an experiment with a lower ratio of 140 produced a similar solution. The freshwater flux was not constrained, but \Vas solvecl for through the inversion. Again the a priori un certainties are consistent with the error budget of G99, taking into account the oceanic circulation variability. Following McDo1l.gall [1991] and W~iffels [1993] , conservation equations for heat, salt, and PO are written as anomaly equations, that is, the mass divergence time the average property concentration is subtrac:ted from the original conservation equation (see section A.3).
The 1ndian Ocean topography is complex (Figure 1 ), and the deep layer fluxes were broken down and constrained according to the bathymetric features. These "bathY111etric constraints" are listed in Table 4 . U nlike the RT97 inversion, the net bOtt0111 wa.ter flow into the NIA a Values represent one standard deviation and are given in sverdrups. A constraint on the basin-wide top-to-bottolU mass conservation was added to the constraints over individual boxes. The uncertainty is mainly due to oceanic circulation variability and int;ernal waves (from the error budget of (99).
bN 1 A denotes not applicable. Crozet Hlld Perth basills is 110t, constraillec! to be 110l'thware!. This challge is discllssccl further below. The flllx illto the Mozambique basin was wealdy cOllstrainecl to he 110l'thwarcl (:L±2 Sv). The flux bt:low 1300 dbar in the ITF \Vas constrained to be small as this levd corresponds to the limit of the waters of Inc!onesiall Ol'igin [Pieu:!: ct al., 1994 ].
Reference Surfaces and Dïaneutral Tenus
The initial zel'O-velocity surfaces, called "reference surfaces", are indicated in Table 5 . The 15 reference surface was taken fl'Om the RT97/ Taalc and WC/,J'7'Cn [1993] (hereafter TW93) initial guess with a modification close 1,0 the coast in the Agulhas Cunent region to account for the presence of an Agulhas UllclercUl'l'Cllt [Bc(û and al., 1988] .
A large range of acljustment was allowec! to clianeutral transfers 'W* (±lO-:lcms-l ) and mixing coefficients li;" (±lCJOcm"s-l). These apl'iOl'i values are lleétl' the upper limit of, or lé1l'ger thaIl, publishecl estimates [e.g., TW93; RT97; Poiz.in cf; M'II.'nl; ; and Wun8ch, 1998 ], leaving the model free to detennille the coef- 
Indian Ocean Circulation
The full inversion is a global one (inset of Figure  1 ; Go,'nac1Wiu.d and Wu.nsch [2000] ), A number of solutions were explored by changing the mode! configuration, and focusing on the overturning circulation, The "standard" solution employs property anomalies and the constraints listed in Table 6 , Alternative solutions will be described briefly in the discussion. The solution for the reference velocities, the dianeuti'al advective and diffusive transfers, the adjustment to Ekman transport, and the freshwater fluxes is obtained using the Gauss-Nlarkov estimator [e. g., WlI,nsch, 1996, p, 184) , 'Nhich pro duces a minimum error variance solution. The posterior elTor covariance includes the part that is not resolved by the equations, in contrast with the conventionalleast squares and usual singular value decomposition estimators.
Although water mass distributions guided our choice of the "first guess" circulation, the flow was not explicitly constrained to force the net layer fluxes to be aclvected away from their supposed sources. In several places the large-scale estimated flow, although indistinguishable l'rom zero within error bars, does not foUow the large-scale property distributions in the \Vüstian sense; that is, away l'rom the core of boundary currents, the mean mass flux direction cloes not always coincide with the direction implied by the mean property tongues. Given the existence of an eddy field and its potential eft"ects on property distributions, the only rea-:'lonable constraints appear to be enforcement of ne arconservation of properties on the large scale.
The Standard Solution
The resolution matrix of the Gauss-Nlarkov estimate [e. g., W'll'/!sch, 1996, p. 170] shows that heat and salt anomal)' conservation in the layers are well resolved, that is, proville inclepenclent information. The anomaly equations for the conservative tracer "NO" (9.1N0 3 +0 2 [ BmcckcT', 1974] ) a,re, in general, indistinguishable [rom the "PO" equations, and we choose to conserve "PO" because the nitrogen cycle is the more complex one. Mass conservation equations are only weakly resolved.
The solution dt'lllcnts (rd(~]"(~ncc Vl~I()citics,Eklllan transpmL, frcshwal.<~r flnx, dianclltralmi1ss tmllsfers, imcl clif-['usiviLies) \Vere al! \ViLhin t1\(~ il ]lriori range.
'J'he "Ekman" transport acl.illst!llc)l\L is sllO'wn in Tahic ,), T'lw adjllsLmcnL is nol; attrilmLable soldy (;0 the EkmHn transpOl'I;, as il; inclllcles evel'ything aCCOlfllllOdated in tlw 11rst laycr(s) 1;0 ll\eet the cClllservaLion c:onstraints, 'vVhile il. major change is reqllirucl at I2W in the IV[ozanlbiqm~ Channel wllCre the baroc:linic variability is large (S(~(~ section 5.2 below), the Ekman transport is almost unmoclifiecl in the otller sections from the N CEP ini tinl gucss, Exccpt for silica, al! cOllstraillts \Vere llIet within uncertainties, alld tlw SOllltioll appears 1,0 be bOLh dynamically and stabsLically acc:epL'lhle. Figme LI (lower !lW,p) . lVIost 11l1111hers are uncertain (clashec\ arrows), rdlcc:tillg the null space lllicertaillty, tlmt is, the lack of resolutiou hdow tlw basin scale, Althollgh the Ilet illflow that we find below 2000 clbar is about tllP sallie rnaguitucle as the one obtained by HTD7, the How has il clifferent horizontal and vertical stl'llctmc, A e!etailed comparison of the northward deep wa(;er flux below 2000 dbar (layers 7 (;0 11) aue! Cllmulatecl l'rom (;he west (;0 eas(; is given in Figure 5 (fuliline, upper cllrve), In our solution the Agulhas Une!ercurrent c:arries 13 ± 5 Sv to the north in layers 6 to 7 west of 31°E \Vith an immecliate sou(;hwarcl recil'culation to its east, proclucing an illsigllificant transport of 3 ± 6 Sv 80'
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(about 2000 dbar). The solid lin es give the standard solution circulation (one standard deviation for layers below 2000 dbar is shaded). For comparison, the dashed line is the RT97 silica-conserving circulation (partially adapted from RT97).
to the north between the coast of Africa and 35°E in those layers. This feature was not present in the p1'evious inversions. In the Madagascar-Crozet basin and below 2000 dbar, the strength of the cyclonic circulation centered on 60 0 E found by RT97 is decreased, so that there is no southward flow east of 60 0 E in the CrozetKerguelen basin ( Figure 5 , upper curves). About half of the net flow below 2000 dbar occurs in these basins, in qualitative agreement with recent current meter measurements [Hrûne et aL, 1998 ]. In the Perth basin, there is a weak and uncertain cyclonic circulation, and the net flux below 2000 dbar is indistinguishable from zero (1 ± 8Sv to the north).
The vertical structure of the deep flow differs t'rom that of BI97 as weil (dashed line, Figure 3a) . Below "n = 28.11, our northward flux is 8 ± 3.5 Sv, whereas the deep inflow in the RT97 solution below this surface was 12 ± 3 Sv. However, in our sol ution there is an adclitional 2.6 Sv of northward flow just above ,II = 28.11, so that the total deep inflow below 2000 dbar is similar to that of BI97. RT97 constrained the deep flow to move away from its sources in indiviclual basins, resulting in an equivalent constraint on the Circumpolar Deep '\Va-ter (CD'\V) flux of 18±5 Sv northward below ,II = 28.11 (their Table 3 , with the errors computed by assuming the constraints in the different basius are inclepenclent). The magnitudes and weights of these constraints were imposed subjectively (P. Robbins, personal communication, 1998 ) and account for their larger resultant inflow at clepth. At 32°S, but in the bottom layers alone (below ,n = 28.11, 3200clbar to bottom, not shown), the flux indicates northward directed boundary currents along the ridges. Half of the 8 ± 3.5 Sv net northward flow occurs in the Madagascar-Crozet basins while the other half occurs in the Perth basin. However, the character of the horizontal structUl'e of the deep flow is again un certaiu and depends upon the clepth range considered.
At 20 0 S between Madagascar and Australia, the flux in layers below 2000 dbar, 11 ± 4 Sv, occurs mainly in the Mascarene basin (FigUl'e 4, 7 ± 6 Sv northward, of which 4±5 Sv occurs west of Mauritius (57°E)). In both the central Inclian and west Australian basins, the flows are noisy aud uncertain, reflec:ting again the lack of horizontal l'esolution. Farther nOlth, the fluxes in individual basins become more a.nd more uncel'tain.
The total deep watel' inflow into the Indian Ocean, 10.6 ± 4Sv, is thus consistent with the RT97 result (12 ± 3 Sv), and despite the structural differences mentioned above rernains largel' than the GCM results. This ovel'turning is the residual SUll1 of strong local horizonta.l fluxes that pal'tially cancel, for exarnple, those in the Agulhas Undercurrent, a 15-Sv ecldy neal' 39°E, and the Madagascar-Crozet basin circulation ( Figure 5) . 5.1.3. Interm.ediate and surface flows. The cumula.tive flow From the west across 32°S and above 2000 clbal' (layers 1-6) is shown in Figure 5 (1owe1' curves) . In the surface layers, a(; 32°S (15), the Agulhas Current carries 74 ± 7 Sv to the south in layers l to 5 west of 32°E, which is thus consistent with the Beal and BT'y- At ~rJos in t!t(, lV!OZillllhiqlll' Clt"!llwl, a strong anticydollic circulation n!sllits in a. powel'rlll sOllthward CIl;']'CllL or 2;\ ± 3 Sv aL tllC' wc~sLern h0111Hlary in layc,n: 1 Ln S hctWl'('1l :3GoE anc! ~\7°1<': (imlicatecl ill Figlll'c", llppm lllap). 1.11. SUl1ul1al 'y of the standard circulation. Tite stiuldard ('irclllatîoll is Llllls m:sociaLecl witlt au Aglllitas Clll'rmtl, or 74 =1:: 7 Sv ami with il relative,l)' stnlllg 11'1" of' U5 ± 5 Sv. Tite oVCltl1l'llillg l'aLe that we obtain, 10.G ± ' 1 Sv, is silllilar to the Robbi '/l.8 and 'Toolc [1997] amI I3ryden <1ml Bea! (sulllnittec1 manuscript, 20 (0) A lllucll wealoer inflow is J'ouml consistelltly in GCIVI simulatiolls [Zlw,nq and lil({.'/'otzke, 1999] . Howevel', gellcr al circulation lHode!s have their limitations (weak vertical l1lixillg, clependenc.e UllOll dimatological forcing, allcl low resolntion of the deep bounclary cunents), and so t!wir systematic error coulcl easily explain their less vigorous overturnillg. Neverthe!ess, to test the hypothesis of small doep infiow, an experiment was tried constaillillg the How below 2000 dbar as 0±2 Sv. The mode! producecl a 2 ± 2 Sv 1l0lthwanl flow belO\v 2000 dbar by l'eturnillg part of its Li ± 3 Sv northware! bot tom infiow betw(,en 2500 ane! 3500 dbar, but the shallow meridional owrturning of Lee o:nd MO:l'Otzke [1997 , 1998 ] was Ilot foullCl. There ,vas no major violation in the conservation equations in the Indiall Ocean. Dianeutral transfers were, however, found 1.0 be significantly difl:'erent From zero and oriented downwarcl in the subtropical and tropical regions. Downward fluxes are associated \Vith Ilegative diffusivities, and cOllsequently this solutiOll \Vas rejectE,d as unliloely to be physically acceptable.
5.
The Mozalnbique Channel
Obtaining a time average circulation in the Mozmnbique Channel is a challenge because the 14 ane! 12\;1,1 sections were taken al. difl'erent seasons and the 12\;1,1 section if; close 1,0 the equator (4°S), enhancing the noise in the geostrophic balanoe. Initial inversions produoed Cl large and significant COllVel'genoe in the intennediatp and Rlll'face la.yel'fi of the Ivlozéunbique Channel box. This cOllvergenoe was found to be insensitive to the refermlce surface: The moe!e! acljustecl the ref(,renc.e velocities to prodllce the Réuue integrated flow for an initial sil! clepth ret'erence (2500 clbar) and an initial bot;(;om rdcl'enoe. Because the convergence was significant, the original model was re.iected. The el'1'or budget that we adaptee! l'rom the Atlantic: (G99) is too optimistic for this seasonally variable region. Olle could inc:rea.se the a priori noise 1.0 account for the la.rge variability in this l'egioll. The alternative that we adoptee! Vias to allow ct large ageostrophic acljustment in the first layer of I2\V t,o accommodate the varia,bility. This adjustment formally appears as the "Ekrnan" transport adjustrnent, (Figure 3f ) shows a weak net lllass Hux of inl,ennediate waters flowing eastward (3 Sv, layers 3-4, 300 to 80() dbar) , margina11y distinguishable from zero ill those layers. Tracer properties in the Ine!ian Ocean exhihit a tongue of silica emana(;ing westward from Inc!on()SiéUl 'waters at these depUIS [vV;lj'f'iJ,;'i, 1970] . F'ie 'U,:/; cl; al. [1994] cliscussed this eastwarcl intermecliate flux from thm:e sallle 1989 data. and Tound no illconsistency with the local water properties, the net flux being the sum of large and opposite Huxes of clifl'erent \Vatel' types. As all'Carly notecl ab ove, large-scale property tongues do uot necessarily imply net mass flux. Any zero-mean tirnedepene!ellt mass Hux between the Pa.cific and the Indian Oceans wlüch leaves behincl fluie! particles on the return How would genel'ate such a tongue [see W'/l'n8ch, 199G, p.79 ].
This illLennecliate water flux is enhancecl wh en one n~lIlOves the H192 JADE station nea.r Bali, and forcing thc' nn!. intennecliate silica. flux to be westward causes large eastwarcl silica. and rnass fluxes below sill clepth Olt the .JADE section, an unrealistic circulatioIl. H was L!tlls clecidecl (;0 leave this intermecliate silica. flux IlllCOllstrainecl.
Tlw local fmmal uncerta.inty of ±3 SV Ol! the ITF clisc1Isseci ahove may bo opLimistic, its small vaine arising frorn the tight topographic constraints. A more realistic ITF uncertainty is probably the Ilet mass Bux uncerta.inty al, 32°S of ±{5 Sv. (Ill the Mozal1lbiqllP Citalllwl, clianolltral exchanges are !lot significant, owing Lo the large seasonal baroclinic varia,bility there.)
Dianeutral Transfers and
Selectecl Sensitivity Experiments
A number of experimonts were perfonned with the full property equations (that is, with sa.lt, heat, and PO not written as anomalies). Use of full property equa.-tions lIas several dra.wbacks: The system is of lower rank, and il, is cliffic:ult ta weight. the heat conservation equation properly. An \lncertainty of ±O.l overestimate in the cleep layers characterized by smaller temperature gradients. In the anomaly equation fOl'-mulation, the uncertainty can be attributed more consistently (Section A.3), but the solution is, as always, directly dependent upon the reliability of the estimated error structure of the equations.
The solution with the full property equations (not shown) indicates a similar deep water inflow at 32°S but with increased transport 15-1S Sv as one goes north. For the practical reason mentioned above, heat conservation was not required. To balance mass, the model creates downward dianeutral fluxes in the subtropical and tropical boxes, with a lm'ger up\velling occurring in the north lndian box. Several experiments showed tha,t with the full property equations, the model couIc! not procluce a consistent circulation without those downward dianeutral fluxes. Although the circulations ,vere not statistically different from the standard solution, those solutions were discarded.
An experiment with anomaly equations (including heat) but no PO constraints indicated a, similar circulation with downward fluxes in the subtropical and tropical boxes.
Heat and Freshwater Budget
In the standard solution the southward energy fi.ux across the three zonal sections are 1.5 ± 0.2 PW (32°S), 1.S ± OA PW (20 0 S), and 1.6 ± O.S PW (SOS). Energy transports across each section are expressed in units of petawatts referred to the Celsius scale for unit consistency with most of the literature. Wa.n'en (1999) arguecl, convincingly, that the terminology "heat flux" is inappropriate in this context (see also Bohr 'en a.nd AlbTecht [199S, ) and one should refer to the "energy flux". This flux is, however, not that of the total energy: li; does not include the kinetic energy (a. small contribution here) , and the usage "heat flux" is now so cleeply embedded in the literature that we continue to use the tenus interchangeably until some consensus has emerged as to the best label.
As a consequence of the large inflow of warm water from the ITF (1.36 ± 0.15PW heat transport across JADE), the net estimatecl heat gain over the Indian Ocean is indistinguishable t'rom zero (0.1±0.2 PW). The heat residual anomalies in individual boxes (Figure 7) are also uot significantly different from zero. Only in the subtropical box (Figure 7a ) is there a marginal indication of oceanic heat loss in the surface layer (0.5 ± OA P\iV) and heat gain in the second layer (OA±0.6 P\iV) , which outcrops almost completdy by 32°S.
Neither of the Emopean Centre for NIedium-Range Vleather Forecasts (ECM\iVF) heat flux estimates of SiefT'idt et aL (1999) On the other hand, the Comprehensive Ocean Atmosphere Data Set (COADS) data of da Silva et al. (1996) and the climatologies of Ol!er'hubeT' [19S8) and Hs'i'lmg (1985) indicate a warming of about 1.2 P\V in the Inclian Ocean north of 20 0 S. The GClVI assimilation computations of Lee and lvIamtzke [1997, 1995) (hereafter LM97,9S) which are forced with the ObeTh7/,beT [198S) climatology, indicate a consistent heating between 20 0 N and 14°S (O.S PVV) and a cooling in the subtropical region (14°S-32°S, 0.3 P\V). Several other GCNI studies based on different surface forcings show heating magnitudes north of 14°S that are similar to those of LM97,9S (i.e., Figure 19 of the latter). Ali GCM-based inversions have a relativdy weak or nonexistent ITF, so that local atmospheric heating accounts for most of the temperature flux leaving the basin at 32°S.
The estimate of he~t flux divergence over the Inclian Ocea,u is thus lm'gely determinecl by the size of the ITF [e.g., GodfT'ey, 1996) . Based on an ITF varying randomly fi:om 1 to 11 Sv, RT97 estimatecl the heat flux divergence for the Indian Ocean north of 32°S as OA ± 0.2P\V, similar to the result of Hastem 'O,th and Gr'c'ischaT [1993J that TIlCse two latter estimates are consistent. \Vith the n8-till1ates l'roll! satellite raclioll1etric data of JO 'l/.'l'(lan el; al. [1997] , Crable 7, their elTor bars are uot giveu for these latitucle bancls, but they probably cio not exceecl 100%). Wi.iffels el; al. [1992] , Ma.cdonnld [1995] , ane! Obe7h 'l/.be7' [1988] repOl'tee! estilllates in the same range. (Note that the Wi. 1.ffels el; (JJ [1992] estilllate is essentially an integraLion of the Bo:u:rn.gm'tneT and Reichel [1975] estimate,) Obc7 '!I:u,be1"s [1988] values have a grcater contrast 110rth ancl south of 10 0 S, but are within our elTor bars. Overall, the Inclian Ocean is evaporêl-tive, with -0.6 ± 0.4 Sv net air-sea exchange. As for ail property fluxes, the lllocIel's large Inclonesian ThroughHow may affect substantially the estimatecl freshwater divergences over the IncIian Ocean, but we fincl no inconsiste11cy with previous incIependent estÎmates.
Summary and ConclusÏons
A global hydrographic inverse model is usee! to detennine the large-scale circulation iu the Indian Ocean. The circulation estimate is based on zonal sections in the Iuclia.n Oceall at 32°S, 20 0 S, and 8 0 S and two (incOlllphd, e) 3. Consistent upwelling and clown-gradient dianeutml mixing are fOlll1cl in the northem part of the Inclian Ocean below the surface layers, \Vith insignificant dimwutraI transfers south of about 8 0 S. The decluced "eqllivalent horizontal average" difl'usivity ranges betwe8n 2 ctlldlO cm 2 S-1 while the upwelling velo city al. [1992] Mu.r: rlonu.l.d [1905] ObeThn!) (:7' [1988] a Uuits are sverdrups. -(JA5 +0.25 ranges hetween 1 ami 3 x 10'-" cm S-I, tltat is, in the ltigllCr end of the publishedrilllge. il. Becnuse of the largc) temperatlll'e t;ransport tlll'Ough the ITF, we fine! no significallt hent gain ove!' t.lLe northcm Illdiau Ocean Horth of 8 0 S, aile! ail insigllificêtllt heat gaill of 0.1 :1: 0.2 PlV over the whole basin north of 32°S. Titis Iteat budget; is consistent with some of the existillg c:lilllatologies, but illCollsistellt witl! otl!ers. The net eV;L]Joration l'rom the Tne!ian Ocean betw()erl 32°S ancl 8 0 S is estimatecl to be 0.6 ± OA Sv and is cOlnpatible with radiowetric data [Jo'll.nla:/I. cl; 0,1., 1998 ].
The circlllation estimate is at best an average over t;lw periml 1987-1995. The uncel't;ainties presented here acc:ount fol' the errol'S l'rom both the model limitations and the measurements. In particular, the alias euors resulting from non-synopticity of the sections and oceanic variability are taken into account l'rom experiments with Cl GClVI simulation, although it is still possible that we ulle!erestirnate the monsoonal variability in the clensity field (section 3). Because our Cl priori errors are larger than in previous calculations, the present model would produce, for instance, an uncertainty of ±8 Sv with total mass and silica conservation alolle [cf. Rabbins and Toole, 1997] . Addition of the other sections and constraints (heat, layers, etc.) ac:c:ounts for the reduced uncertainty.
The parameterization of dianeutral exchanges as single diffusion and advection coefficients over large oceanic areas may be unrealistic 1,00. In particular, the possibility of double diffusion [e.g., You, 1999] was not 'addressed, and use of a different coefficient of heat and tracer transfers may be used in future versions of the model.
The present circulation estimate will be refined with time as it benefits from suggestions for improvement on the different parameter choices such as the initial reference surface basecl on new cuuent meter measurernents, floats, and altimetric data, as weil as ,vatel' mass analysis where the signais are important, such as in the boundary current regions. Nevertheless, our sensitivity experiment suggested that large-scale mass transports are relatively insensitive 1,0 such changes, and substantial improvement will occur only with a data set permitting one 1,0 estimate the true time average property fluxes. In particular, the property fluxes from the Pacific (ITF) are a major source of uncertainty owing 1,0 the sparsity of rtlCaSl1rCllWlt!;S amI the large seasonality ancl illteraumwl variability there.
Appendix A: A Priori Uncertainties
Uncel'tainties iu the mass balance for Ia.yers wen: d~: l'ivecl through au ()xtcmsive error budget; stuely (GD9) takiug into aCCollnt 81'1'01'8 l'rom both the nature of the inverse mode! (estima.tion of time avera.ge versus oceanic variability) and the rneasurement noise (interual waves, bottortl triangle, ag()ostrophy, and instrllment noise).
A.l. Bal'oclinic variability
The a priori uncertainties on the flux tlll'ough a single IIOtlal section are summi:î.l'illed in Table Al . Erl'ors, including the componellt due to the variability in the density field, were estima.ted for the Atlantic using Cl GClvI [ SeTntneT' a.nd CheT"IJù/,,1992; Sta/rn/meT el; JayTw, 1999] and extended to the Indian Ocean.
A.2. Silica Conservation Weights
The top-to-bottom silica conservation weight was based on a GCM simulation at 36°N in the Atlantic. (An empirical silica-temperature-salinity relation was applied to the Sem.l//beT· and CheT1J'in [1992] model output to reconstruct a time-c1ependent silica field (G99).) The uncertainty from variability in the baroclinic field alone was estimated as n~r N = ±70 kmol Si S-l at 36°N in the Atlantic. This value was then extrapolatecl to other oceans. Because the average concentration of silica varies subst.antially with location, this uncertainty was sc:alee! by the local average silica concentration ane! by the local mass variability From Table Al (the anomaly  formulation 
where n is the a priori uncertainty ane! (Si) is the average concentration. Equation (Al) gives an a priori noise estimate n~tiU = ±700 kmol Si S-l for the net silica conservation in the Inclian Ocean between JADE aud 32°3, Net RO\ll'C(,,, ami sinks l'rom burinl allll rivcr 1'l1llolT are IllllCh smallel ' [e,g" DeM!l.s/; el', 1981] , Bccallse siliccOlIR particks are bdiuved (,0 have a rdatively high siukillg rate, the biological cycle is expected to OCClll' primélrily ill the vertical, allCl top-t.O-bOIJ,ClIIl C:OllSCl'VatiOll nqllatiolls are expected to be independcmt of the biology,
A.3. Anomaly Equations
The noise ill the mass conservation cCJuations t.ends 1,0 dominate 1110st tracer conservation equations, As a rcsult, rnoclels cxpressecl in tenus of full property equations do not resolve the difIerent equatiolls, resulting ill alower rauk matrix [e,g., McDouga.ll, 1991; TiVi.i.fJ'els, 1993] , To bet.ter condition the system, one can subtract the rnass divergence times the a.verage property c:ollcent.ra.tÎon 1'01' ea,ch layer J'rom ea.ch tracer conserva,-tion equation. As discussed by 1iVunsch [1996, p.272] , the main issue, whell USillg anomaly equations, is the cletermillation of the clegree of cancellation in the residual noise after subtraction, vVe now estimate this degree of cancel!ation, or equivalently the size of the noise tenn in anomaly equations. The salt equation is taken for illustration. For a single zonal hydrographie section, and within a layer, the net transports of mass and salt are written (clensity is assullled constant to first order and ol1littec1) (x,z) nu (:c, z) x S (:c, z),
or n'liS (.T, z) nv (:c,z) x (S+S' (.T,Z) ), (A7) so that ,
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.// nu (x, z) S' (x, z) 
where /::,C is the sLalldard cleviation of t.racer variations within the layer and the factor of Li accounLs fOl' possible correlations between the zonal average and horizontal edcly component. The average tracer concentration (C) in each layer was usee! for defining the anomaly equatiolls. Expression (A ll) relies on the assumptions listecl above. It is no more than a best guess, which turns out to procluce consistent results (in terms of Ullcertainties) when usee! in the inversion. The main test of c:onsistency comes from the fact that Lhe residuals of al! conservation equations are indistinguishable from zero within a posteriori errOl' bars.
